The responses of the human immune system to pathogens are coordinated by both innate and acquired immune functions. Impairments in innate immunity (e.g. reduced polymorphonuclear leukocyte chemotaxis, phagocytosis, and bactericidal activity) as well as acquired immunity (reduced T-cell function) are hallmarks in patients with chronic renal failure (CRF) [1] [2] [3] [4] [5] [6] . Therefore, end-stage renal disease (ESRD) is associated with an increased incidence of infections, which is a major cause of death in the dialysis population [1, 7, 8] . Dysfunction of cellular immunity may actually be responsible for the high incidence of infections and cardiovascular diseases in those patients [1] . Recently, it was reported that reduced expression of Toll-like receptors in uremic patients was due to impairment in innate immunity [9] , and that uremia impaired the function of monocyte-derived dendritic cells as well as monocytes in vitro. It was suggested that hemodialysis (HD) therapy to remove uremic toxins might improve immune function in vitro [10] .
Mannose-binding lectin (MBL) is a serum lectin secreted by the liver. MBL, in addition to acting as an opsonin, has an important role in innate immune defense against invading microorganisms by activating a complement cascade via the lectin pathway [11] [12] [13] [14] [15] . MBL is also a positive acute-phase protein [16, 17] . Moreover, we reported that MBL function in innate immunity in CRF patients was decreased compared with controls. Also, the functional/oligomer MBL ratio was significantly lower in CRF patients than in healthy subjects [18] . Evidence has been increasing in support of the association between MBL and renal disease. The involvement of MBL in glomeruli was reflected by a poor renal prognosis, e.g. more severe renal disease in cases of IgA nephropathy (Roos et al. [19] ) and in patients with antinuclear antibody-negative Pauci-immune crescentic glomerulonephritis (Xing et al. [20] ). In dialysis patients (Ibernon et al. [21] ), low pretransplant levels of MBL were associated with chronic inflammation, new-onset diabetes mellitus after transplantation, and infection. Nevertheless, there are only a few reports on the role of MBL in CRF patients.
Though it is generally understood that immunocompetence declines in CRF patients, the clinical course of functional MBL after HD therapy remains to be clarified in ESRD patients. In this study, we aimed to determine whether functional MBL levels would be improved following HD therapy for uremia and acidosis.
Patients and Methods

Patients
The study group comprised 22 patients with ESRD, who had not received dialysis therapy but were to be treated with maintenance HD therapy. Table 1 summarizes the clinical characteristics of the patients treated with HD. HD patients were clinically stable and did not present acute cardiovascular, cerebrovascular, infectious, or other active disease during the 3 months prior to study entry. HD patients with hepatitis B or C virus and patients with liver cirrhosis without hepatitis virus infection were excluded from this study.
The ESRD patients were started on HD therapy at the Itabashi Hospital of the Nihon University School of Medicine, Tokyo, Japan, and were receiving maintenance HD therapy at satellite hospitals of the Nihon University School of Medicine. Follow-up of the HD patients lasted 1 year. A cellulose triacetate filter was used in the dialyzer for all patients. Functional and oligomer MBL concentrations in the sera of the HD patients were measured three times: at the start of HD therapy, and after 6 and 12 months. Their blood samples were collected from January 2003 to December 2004. There were 16 males and 6 females. Diabetes was present in 11, and 11 were without diabetes; 3 patients had chronic glomerulonephritis, 3 hypertension, 1 gout, 1 polycystic kidney disease and 1 had renal cell carcinoma; in the remainder, the origin of kidney disease was unknown. Mean age was 59 8 14 years. The mean and median levels of serum components were as follows: blood urea nitrogen (BUN), 101.4 8 30.8 mg/dl; serum creatinine, 9.64 8 3.32 mg/dl; pH, 7.374 (range 7.288-7.399); HCO 3 -, 19.6 8 5.5 mmol/l; hemoglobin, 8.4 8 1.8 g/dl; white blood cell count (WBC), 5,600/ l (range 4,900-7,500); C-reactive protein (CRP), 0.20 mg/dl (range 0.10-0.65); estimated glomerular filtration rate (eGFR), 5.5 8 2.2 ml/min; albumin, 3.4 8 0.4 mg/dl; total cholesterol, 167 8 42 mg/dl, and high-density-lipoprotein (HDL) cholesterol, 38 8 12 mg/dl. Informed consent was obtained from all patients before entering the study. Serum samples were stored at -80 ° C until analysis.
Reporting of the study conforms to the STROBE statement along with references to STROBE and the broader EQUATOR guidelines [22] .
Measurement of Serum Levels of MBL
Functional and oligomer MBL levels in the sera were assessed using commercial enzyme-linked immunosorbent assay (ELISA) kits.
Functional MBL concentration was measured with the human MBL lectin assay ELISA kit (Hycult Biotech, The Netherlands). Briefly, microtiter plates were coated with mannan, and serum samples and standards were diluted 1:5 with MBL-binding buffer and incubated in the wells. During incubation, the mannan captured the functional MBL. Unbound MBL in the sample was removed by washing. Biotinylated antibody to human MBL was added to the wells to bind to the mannan-bound MBL. Streptavidin-peroxidase conjugate was applied to the wells, reacting specifically with biotinylated antibody. After addition of tetramethylbenzidine to the wells, color developed proportionally to the amount of MBL present in the samples. The enzyme reaction was stopped by the addition of citric acid in the wells and the absorbance at 450 nm was measured in a spectrophotometer.
Oligomer MBL concentration was measured with the MBL oligomer ELISA kit (BioProto Diagnostics, Denmark). Briefly, microtiter plates were coated with a monoclonal anti-MBL antibody against the MBL carbohydrate-binding domain, and serum samples and standards diluted 1: 200 with sample diluent buffer were incubated in the wells. During incubation, the monoclonal anti-MBL antibody captured the oligomer MBL in sera. Next, plates were incubated with biotinylated anti-human MBL antibody. Subsequent steps involving streptavidin-peroxidase conjugate through color development were the same as for functional MBL.
Statistical Analysis
Normally distributed values were expressed as the mean 8 SD, and non-normally distributed values as the median value and range (25th-75th percentiles). To assess the significance of differences between groups, the two-tailed paired t test for normally distributed values with equal variances, Welch's test for normally distributed values with unequal variances, and the Mann-Whitney U test for non-normally distributed values were performed. 
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As the data of each group consisted of normally distributed values with equal variances, the differences among groups were assessed using analysis of variance. If a statistically significant difference was detected, each group was assessed using the Tukey-Kramer test. As the data of each group also consisted of non-normally distributed values, the differences among groups were assessed using the Kruskal-Wallis test, and in case of a statistically significant difference, each group was assessed using the Steel-Dwass test. The correlation of various parameters was evaluated by Pearson's correlation analysis for normally distributed values, and by Spearman's correlation analysis for non-normally distributed values. All statistical analyses were performed using JMP 7.0.2 (SAS Inc., USA) on a Macintosh computer.
Functional and oligomer MBL levels were non-normally distributed values. Therefore, it was difficult to predetermine a sample size. There were 62 ESRD patients who were started on HD therapy from January 2003 to December 2003. Forty of these patients were excluded for the following reasons: acute cardiovascular (3); cerebrovascular (2); infectious (20) , or other active disease (8); hepatitis B (2); hepatitis C (3), and liver cirrhosis (2). Thus, 22 patients met the inclusion criteria of this study with no dropout.
Results
Serum Levels of Functional MBL
Median levels of functional MBL in the sera of 22 HD patients at the start of regular HD therapy, and after 6 and 12 months were 543 (range: 276-600), 657 (range: 383-728) and 846 ng/ml (range: 356-911 ng/ml), respectively. The levels at 6 (p ! 0.05) and 12 months (p ! 0.01) were higher than at the start of HD therapy. The 12-month level was also higher (p ! 0.05) than the 6-month level ( table 2 ). The 5 HD patients whose functional MBL could not be measured were labeled as the absolutely low functional MBL group, and the other 17 HD patients were labeled as the relatively low functional MBL group. Excluding the 5 HD patients from analysis, the median functional MBL levels (17 HD patients) at the start of HD, after 6 and 12 months were: 591 (range: 514-607), 707 (range: 630-744) and 868 ng/ml (range: 836-919 ng/ml), respectively. The levels at 6 (p ! 0.01) and 12 months (p ! 0.01) were higher than at the start of HD therapy. The 12-month level was also higher (p ! 0.01) than the 6-month level ( fig. 1 ). The overall pattern was the same regardless of the inclusion of the 5 HD patients in the absolutely low functional MBL group for analysis. The 22 HD patients were further classified into non-diabetic (n = 11) and diabetic (n = 11) groups, and their serum levels of functional MBL were compared. For the non-diabetic patients, the levels at the start of the regular HD therapy, and after 6 and 12 months were 540 (range: 0-609), 651 (range: 0-718) and 853 ng/ ml (range: 0-911 ng/ml), respectively. For the diabetic patients, the levels were 591 (range: 368-598), 707 (range: 511-735) and 839 ng/ml (range: 474-926 ng/ml), respectively. No differences were detected in the levels of functional MBL between the non-diabetic and diabetic groups at each of the three sampling times. 
Serum Levels of Oligomer MBL
Median levels of oligomer MBL in the sera of 22 HD patients at the start of regular HD therapy, and after 6 and 12 months were 5,317 (range: 1,401-11,142), 6,141 (range: 1,930-11,532) and 7,531 ng/ml (range: 2,611-10,806 ng/ ml), respectively ( table 2 ). The differences among these three sampling times were not significant. As with functional MBL, the 22 HD patients were also classified into a relatively low functional MBL group and an absolutely low functional MBL group, and their serum levels of oligomer MBL were compared. For the relatively low functional MBL group (17 HD patients), the levels at the start of regular HD therapy, and after 6 and at 12 months were 6,145 (range: 2,840-12,198), 8,771 (range: 4,181-12,450) and 8,657 ng/ml (range: 5,517-11,216 ng/ml), respectively. The differences among these three sampling times were not significant. For the absolutely low functional MBL group (5 HD patients), the levels were 438 (range: 307-502), 559 (range: 401-684) and 693 ng/ml (range: 646-729 ng/ml), respectively. The level at 12 months (p ! 0.05) was higher than at the start of HD therapy. Moreover, there were significant differences between the relatively and absolutely low functional MBL groups at each of the three sampling times (p ! 0.01). Furthermore, the 22 HD patients were classified into nondiabetic and diabetic groups, and their levels of oligomer MBL were compared. For the non-diabetic patients, the levels at the start of regular HD therapy, and after 6 and 12 months were 5,615 (range: 523-7,999), 6,900 (range: 718-9,355) and 8,107 ng/ml (range: 747-11,087 ng/ml), respectively. For the diabetic patients, the levels were 5,128 (range: 1,693-12,579), 5,381 (range: 2,519-11,668) and 7,179 ng/ml (range: 4,004-10,712 ng/ml), respectively. There were no differences in the serum levels of oligomer MBL between the non-diabetic and diabetic groups at each of the three sampling times.
Serum Levels of CRP
Median levels of CRP in the sera of 22 HD patients at the start of regular HD therapy, and after 6 and 12 months ( table 2 ) . Among these three sampling times, significance was detected only for the difference between CRP levels at the start and after 12 months of HD (p ! 0.01). Furthermore, for the non-diabetic patients, the levels at the start of regular HD therapy, and after 6 and 12 months were 0.17 (range: 0.10-0.68), 0.10 (range: 0.10-0.36) and 0.10 mg/dl (range: 0.10-0.16 mg/dl), respectively. The differences among these three sampling times were not significant. For the diabetic patients, the levels were 0.23 (range: 0.10-0.64), 0.17 (range: 0.10-0.43) and 0.10 mg/dl (range: 0.10-0.10 mg/dl), respectively. The level after 12 months was lower than that at the start of HD therapy in the diabetic group (p ! 0.01). However, there was no significant difference between the non-diabetic and diabetic groups.
Serum Levels of MBLs
In the 22 ESRD patients, there were no differences in the functional and oligomer MBL levels with respect to gender and diabetes mellitus, and there were no correlations between the functional and oligomer MBL levels for the following parameters: age, BUN, serum creatinine, pH, HCO 3 -, hemoglobin, WBC, CRP, eGFR, albumin, total cholesterol and HDL cholesterol. Examining the associations of serum functional MBL levels and clinical variables, a significant correlation was noted only for HCO 3 -(correlation coefficient = 0.508, p ! 0.05) when 5 patients with non-measurable values of functional MBL were excluded from analysis. There were no correlations between the functional and oligomer MBL levels, and for CRP at the start of regular HD therapy, and after 6 and at 12 months ( table 3 ) . D ata are expressed as means 8 SD or medians (ranges: 25th-75th percentiles). For SI conversion, multiply by 10 for hemoglobin and albumin levels (g/dl), by 88 for creatinine levels (mmol/l), and by 0.0259 for cholesterol levels (mmol/l).
Levels in Non-Diabetic and Diabetic Groups
There were no differences between the non-diabetic and diabetic groups for the following parameters except for BUN: numbers of patients with non-measurable values of serum functional MBL, gender, age, serum creatinine, pH, HCO 3 -, hemoglobin, WBC, CRP, eGFR, albumin, total cholesterol and HDL cholesterol ( table 4 ). The BUN level was significantly lower in the diabetic patients than in the non-diabetic patients (p ! 0.05).
Functional MBL versus Oligomer MBL
Examining the associations of functional and oligomer MBL levels, significant correlations were noted at the start of regular HD therapy, and after 6 and 12 months, respectively (correlation coefficient = 0.607, 0.652 and 0.588; p = 0.005, p = 0.003 and p = 0.007, respectively; table 5 ).
Discussion
In this study, we found elevated levels of functional MBL in ESRD patients on HD therapy. The impairment in the immune system in ESRD patients involved both acquired and innate immunity. In our previous report, the functional/oligomer MBL ratio was significantly reduced in CRF patients compared to healthy subjects. Functional MBL levels were also significantly lower in CRF patients than in healthy subjects [18] . Finally, the lower levels of functional MBL just before HD therapy were significantly ameliorated by HD therapy.
The serum and plasma of patients on maintenance HD contains uremic toxins with low and high molecular weight, which had been implicated in the dysfunction of the innate immune system; particularly polymorphonuclear leukocytes and mononuclear phagocytes would result in reduced chemotaxis and oxidative activity in response to phagocytosis [23] [24] [25] [26] . Polymorphonuclear leukocyte function improved in CRF patients following the commencement of peritoneal dialysis, which suggested that the soluble uremic toxins were removed by dialysis [27] . Functional MBL levels were significantly higher at 6 and 12 months than at the start of HD therapy. Also, at 12 months functional MBL level was significantly higher than at 6 months. Although the patients might be hypervolemic at the induction of HD therapy, at discharge they would be in the normovolemic state. As our patients were not hypervolemic 6 and 12 months after the start of HD therapy, it was important that the functional MBL levels at 12 months were significantly higher than at 6 months. However, it is conceivable that the functional MBL levels might either plateau or decrease at longer follow-ups because the median level of 130 HD patients followed up for 6 2 years was 814 ng/ml (range: 706-912 ng/ml), which is close to the 12-month level of 846 ng/ml (range: 356-911 ng/ml) [18] .
In this study, it was assumed that there would be decreases in functional MBL in ESRD patients when compared with healthy subjects, whose serum level of functional MBL was 1,321 ng/ml (range: 1,188-1,515 ng/ml) [18] . The functional MBL level of patients subjected to HD for 1 year was about 45-65% higher than the level of healthy subjects. Generally, a patient with a low functional MBL level might be associated with unusual and severe infections [28] . Infectious disease was the first leading cause of death in newly diagnosed patients started on dialysis in 2008, and the second cause of death in 2008 among the entire dialysis population in Japan [8] . Infectious disease has always ranked high as a cause of death in patients undergoing dialysis. Thus, the decline in functional MBL, a component of innate immunity, may be one of the underlying causes. Moreover, low functional MBL ( ! 500 ng/ml) might be a significant risk factor for the development of cytomegalovirus infection in kidney transplant recipients [29] . However, pancreas and kidney transplant patients with low functional MBL ( ! 400 ng/ ml) had significantly longer transplant survival than those who had levels 1 400 ng/ml [30] . Due to the low number of renal transplant cases in Japan, we could not study the possible association between transplant survival and MBL.
There were no differences in oligomer MBL levels among the three sampling times, although the levels showed gradual elevations during the clinical course from the start of HD therapy. Median levels of oligomer MBL of 130 HD patients, who had been on regular HD therapy for at least 2 years, were 8,500 ng/ml (range: 5,278-12,355 ng/ml) in our previous study [18] . It is possible that the levels might increase at longer follow-ups, although it would be expected to plateau with time. In our previous report on HD patients, oligomer MBL levels were shown to be significantly higher than in CRF patients who had not received dialysis therapy [31] . Oligomer MBL levels in ESRD patients were elevated, confirming the results of our previous studies [18, 31] . HD patients were susceptible to many inflammatory reactions. As a result, oligomer MBL levels in ESRD patients were likely to be elevated. In this study, we had changed the method for measurement from that used in previous studies. The oligomer MBL levels were measured with a commercial ELISA kit (MBL oligomer ELISA kit; BioProto Diagnostics). Previously, the serum oligomer MBL levels were measured by an ELISA using polyclonal rabbit IgG and a monoclonal antibody directed against MBL (3E7) [31] [32] [33] [34] . Both primary and secondary antibodies were different using the two ELISA methods. The level of oligomer MBL was 1,753 ng/ml (range: 1,445-1,960 ng/ ml) for healthy subjects in this study. On the other hand, the level of oligomer MBL was 1,897 ng/ml (range: 1,630-2,254 ng/ml) for the same healthy subjects in the previous study [18, 31] . There was a strong correlation between the two methods (correlation coefficient = 0.789; p ! 0.001). Therefore, it suggests that there are no differences in the two methods of measuring oligomer MBL levels. In this study, the functional MBL level correlated with the oligomer MBL level at all sampling points, a feature which was not observed previously. However, inasmuch as oligomer MBL is characteristic of positive acute-phase proteins like CRP, functional and oligomer MBL levels showed no correlations with CRP levels. Interestingly, in a report by Akbari et al. [35] , the correlation between MBL and CRP levels was not significant in HD patients, which concurred with the correlation between oligomer MBL and high-sensitivity CRP levels found in our previous study [34] . MBL and CRP are both primarily synthesized in the liver, and levels of proinflammatory cytokines such as interleukin-6, interleukin-1 and tumor necrosis factor-␣ are generally affected. However, oligomer MBL might not be characteristic of positive acute-phase proteins like CRP in HD patients. Therefore, we would recommend the measurement and evaluation of serum functional MBL, oligomer MBL, and CRP in ESRD patients.
The immune system of patients with diabetes mellitus was generally impaired. Since there were no differences in the levels of functional and/or oligomer MBL, as well as in each of the clinical parameters except for BUN levels between the non-diabetic and diabetic patients, it appears that diabetes hardly influenced the level of functional and/or oligomer MBL in our ESRD patients. There was no difference in the number of ESRD patients with nonmeasurable values of functional MBL between non-diabetic and diabetic groups. In our study, non-diabetic and diabetic groups constituted 27 and 18%, respectively, of ESRD patients with non-measurable values of functional MBL. Tsutsumi et al. [36] reported that 32% of the healthy Japanese volunteers had a codon 54 mutation, whereas codon 52 and 57 mutations were absent. ESRD patients with non-measurable values of functional MBL showed no particular tendency to progress to HD therapy.
Serum functional MBL mediates inflammation by opsonizing pathogenic microorganisms and activating the complement system. Thus, elevation in the functional MBL concentration might reduce mortality due to infectious disease among dialysis patients. Although many previous reports have discussed the relationship between MBL and different types of diseases, it is necessary to measure functional MBL for the evaluation of innate immunity.
